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N RECENT years increasing attention has been directed to the use of radioisotopes for measuring the timing and volume of blood flow through the brain. ~ Techniques so far described can be divided into two groups. In one group a non-diffusible tracer which remains in the blood stream during its first circulation through the brain is injected intravenously or intra-arterially. 2-6,n,15-1~,2' The rapid passage of this tracer is then monitored during its first transit through the vascular bed of the head. This approach dates back to the experimental work of Wolff and Blumgart, 22 who used Radium C and a cloud-chamber detector to determine the circulation time from the carotid artery to the heart in the cat.
In a second group of methods, a diffusible radioactive tracer is injected into the carotid or vertebral artery 13 or breathed by the subject 14 over a period of several minutes to develop an equilibrium level as it permeates the tissues of the body. Administration of the tracer is then stopped abruptly and the curve of the tracer as it is washed away by the blood irrigating the head is recorded over a period of s to ~0 minutes. These methods are derived from experimental studies summarized in the report of Ingvar and Lassen. 12 When gamnla-emitting isotopes are used, external detectors placed over the head and connected to suitable instruments can give a record of the changing concentration of radioisotope in brain tissue or in the blood flowing through the brain. Selective cranial placement of the detectors and selective al~erial injection of the radioisotope can give some degree of regional measurement of cerebral circulation.
It is evident that the use of a diffusible indicator yields an index of peffusion of cranial tissues. Because of the richer capillary bed of the brain as compared to that of extracerebral tissues of the head, the results under normal conditions have been interpreted as a reflection of cerebral metabolic activity. But this method fails to measure directly the volume of intraeerebral blood flow, for example, in the presence of arteriovenous shunting and pooling of blood which is associated with cerebral angiomas, s Sinlilar shunting occurs also in many intracerebral neoplasms, and transiently in epileptogenic and ischemic lesions. 7 For these metabolic or structural shunts the methods which measure the timing and amount of blood passing through the vascular bed of the brain by the use of a non-diffusible radioisotope appear to be nlore appropriate. Such methods can readily and accurately demonstrate, for example, that the time required for the blood to pass through the carotid arteries and jugular veins in patients with arterio-venous shunts is short while it is prolonged in patients with increased intracranial pressure or cerebral vascular occlusion. 2'4'5 But the radioisotopic curves obtained from external monitoring of the head, even with selective arterial injection, repre-12 sent a composite derived from blood flow through the arteries, capillaries and veins of the intracranial and extracranial vascular beds. Interpretation of the curves is evidently dependent upon further data concerning the flow factors through these three basic vascular components in the extracranial and the intracranial circulation.
We have devised a method for monitoring during craniotomy the pattern of blood flow through individual vessels on theexposed surface of the brain. This has permitted analysis of the contribution of the flow patterns derived from arteries, capillaries and veins. We consider this a logical and essential initial step in any a t t e m p t to analyse quantitatively the normal and pathological factors influencing regional circulation within the brain and to interpret externally recorded radioisotopic curves. The m e t h o d provides, for example, a means of comparing quantitatively the differential timing and flow through cerebral angiomas and adjacent normal brain and of assessing the changes brought about b y selective surgical closure of abnormally large arteries supplying the angiomas. Because of the small "visual field" of the miniature g a m m a detectors utilized, local patterns of blood flow in small volumes of brain tissue can be studied. With the use of short lasting isotopes of low energy, which emit g a m m a rays but have no beta emission, the radiation dosage received b y the patient has been reduced to a negligible, safe level. Some of the early results were briefly reported elsewhere. 6 Studies of circulation at operation b y this m e t h o d can be readily supplemented by pre-and postoperative radioactive brain scanning. This provides further serial quantitative information on blood-pooling in angiomas or increased uptake of radioisotope in vascular tumors, and, of particular interest to the present study, in cerebral infarcts.S,9. 23 T h e examples described below will illustrate these points and indicate the wider application of this technique in the clinical investigation of cerebral vascular disorders. Other applications and developments of the m e t h o d have been reported elsewhere. 24
Method
A polyethylene catheter (size PE-160) is threaded up the internal carotid artery to a point just below the siphon. The catheter is kept open by repeated aspiration followed by flushing with dilute heparin solution. Correct placement of the catheter is confirmed by either (1) serial bi-plane angiography with an injection of ~ ml. of 50 per cent Hypaque or (~) injection of 0.5 ml. (10 mg.) of a high contrast, water-soluble dye, e per cent Coomassie Blue*, and visualization of the blue flush in the retinal and supra-orbital vessels.
After craniotomy, blue dye is again injected by way of the catheter in the internal carotid artery to provide a visual record of the flow patterns in the surface vessels and cortex. Stroboscopic flash photographs and cinefilm records of these have aided the interpretation of the isotopic curves and indicated more clearly abnormalities of regional circulation.
Isotopic studies are then made with low energy gamma-emitters using Hippuran tagged with I ~25 or Neohydrin, a mercurial diuretic, tagged with either 1Vfercury 2~ or ]Vfercury 197. Dosages between 50 and ~00 #c in a standard volume of 0.5 ml. are injected in ~ to 3 tenths of a second. Allowance is made for the dead space of the catheter system. We have so far injected the dye and radioisotope separately.
The transit of radioactive bolus through the exposed brain is monitored by scintillation probes containing a crystal of sodium iodide activated by thallium and measuring 3X7 mm. These probes are first balanced from a radioactive source, then placed at selected sites on the exposed cortex ( Fig. 1) and usually over the carotid jugular complex of the neck.
The iso-coutours of these probes were deter- When monitoring a zone of cortex over which there are only fine pial vessels and where the tracer is more evenly distributed through the tissue, about 50 per cent of the count rate would derive from a hemi-oval volume of tissue about 1.5 cm. in radius. Since the layer of gray matter, from ~ to 4 ram. in thickness, is nearer to the probe and has in addition a vascular density about twice that of white matter, the transit curves under these circumstances are mainly a reflection of blood flow through the cortex.
These physical and anatomical features made it possible to record separately the local passage of the isotopic tracer through arteries, veins and areas of cerebral cortex.
T h e count rates are measured by two dual channel ratemeters with a time constant of 0.1 seconds. Records are made on a 7-channel tape recorder with an immediate write-out and later tape replays on a 4-channel Sanborn recorder. Circulation curves are produced in the format shown in Fig. 4 .
This method has now been used for the direct study of the cortical circulation in 1~ patients.
Fro. 3. Attenuation in water of gamma activity recorded with surgical probe, measured (a) vertically and (b) at right angles to long axis of NaI Crystal. into the mesia] temporal and adjacent parietal regions. There was a cyst containing 5 ml. of yellow, turbid fluid beneath the anterior temporal cortex. Mannitol was given intravenously during the opening, and during thc circulation studies there appeared to be no significant increase in intracranial pressure.
Probes were placed on an anterior Sylvian artery, a posterior Sylvian artery, the vein of Labb6, and on areas of anterior temporal and postcentral cortex containing no large surface vessels (Fig. 5) . Injections of ~00 #c doses of Mercury197-Neohydrin in 0.5 ml. were then made into the internal carotid artery. Blood gas values at this time from the ipsilateral carotid artery were pCO2, s mm. Hg; HCO3, ~4.9 mM. per litre; oxygen saturation, 99.8 per cent; pH, 7.51.
The anterior Sylvian artery ( Fig. 6 ) reached a peak count first at 0.8 secs. after onset with a sharp decrease in rate of fall-off in the curve at A.E. Comparison of normal circulation selected sites on the exposed cortex, curves with curve from tumor.
1.9 secs. The posterior Sylvian arterial curve (not shown in figure) peaked at 1.0 sec. after injection. The curve from the postcentral cortex reached a later peak at about 1.4 secs., with an almost linear rate of fall-off closely paralleling the arterial curve. The curve from the vein of Labb6 showed an initial peak count rate also at 1.4 secs. but with a different fall-off. Note the moderate late rise and rounded crest at 6.6 secs. By comparison the temporal cortex (Fig. 7) overlying the cyst and tumor showed an abnormal curve. The rising phase appeared earliest of all the curves and with an early crest at 1 sec. In addition the rate of fall-off was abnormally prolonged: extrapolation of its maximum rate of decline intersects the base-line at ~0 secs. as compared to 1~ secs. for the postcentral cortex. The maximum count rate was 80 per cent lower than that of the postcentral cortex.
C o m m e n t . D i s t i n c t i v e curves of flow p a tt e r n s from arteries, cortex a n d veins were o b t a i n e d . O n the basis of our studies so far, these a p p e a r e d to show n o r m a l shape a n d t i m i n g . T h e t i m i n g a n d p a t t e r n of the curves o b t a i n e d from the exposed cerebral arteries in this p a t i e n t are similar to those recorded w i t h b i -t e m p o r a l probes placed outside the h e a d (Fig. 8) .
T h e reduced c o u n t rate, the delayed peak, a n d the prolonged rate of outflow of the isotope from the t e m p o r a l cortex are c o m p a t ible w i t h a reduced blood flow in this region. T h e e a r l y onset of t h e initial rise suggested some degree of arteriovenous s h u n t i n g . A.E. Comparison of pre-operative right temporal circulation curve (external scintillation detector) with circulation curve from right sylvian artery exposed at operation. The same internal carotid catheter placement was used for both studies.
gressive left hemiparesis. Pneumoeneephalography suggested a mass in the right centro-parietal region. Angiography of the carotid arteries showed normal filling of the main branches of the middle and anterior cerebral arteries but irregularity of filling of some of the terminal branches of the right anterior cerebral artery. Brain scan on two occasions gave an uptake in the right centro-parietal region. Surgical exploration in March, 1964, was undertaken because over a further ~ weeks in hospital the patient's paralysis increased, suggesting the presence of neoplasm.
After induction of general anesthesia, catheter placement in the internal carotid artery was confirmed by injection of dye. At operation an area of cortex just behind the post-central gyrus appeared soft and yellow. Further study of the tissue excised showed this to be an ischemic rather than a neoplastic lesion.
When 0.5 ml. of Coomassie Blue were injected, the midline vessels along the vertex filled first. The blush of blue dye appeared to spread from the midline toward the Sylvian region in a fashion opposite to that normally expected. There was also an apparent reversal in direction of blood flow in a postcentral branch of the middle cerebral artery.
Probes were placed on the carotid-jugular complex in the neck, the postcentral artery at point A, the central vein at point B, a parietal vein at point C, and a small posterior Sylvian artery at point E (see Fig. 9 ). Four successive internal carotid injections of ~00/1c of Mercury 197 Neohydrin were then made.
The count rate over the carotid artery reached a peak at 0.~ sees. after the onset of injection (Fig. 10) . The deflection lasted 1.~ sees. The onset of a second deflection, presumably from the jugular veins, started at 6.7 sees. after the carotid peak and showed a maximal count rate at le.5 s e e s .
The sharp initial rise in the parietal vein curve began at the end of carotid deflection, reaching an initial crest at a little less than ~ secs. after injection. The peak of a ~nd later rise coincided with the onset of jugular deflection. This reached a maximum during the fall-off in the curve from the parietal vein.
The postcentral artery (Fig. l l ) which had showed on dye injection an apparent reversal of blood flow, yielded an abnormally slow rate of rise in count rate about 30 per cent of the expected normal, with a delayed peak at ~.9 secs. The posterior Sylvian artery showed an earlier but still delayed peak with a rate of rise about 40 per cent of normal. The initial venous crest from the midline circulation occurred before the arterial peak of the Sylvian circulation. I n addition to this delay in peak times the shapes of these arterial curves were clearly abnormal.
Comparison of the records from ~ different veins is also of interest (Fig. l~) . The curve from the parietal vein was normal, reaching a peak at 1.7 secs. with a late rise at 6.~ secs., 9 per cent higher than the initial peak. In contrast, the curve from the central vein showed a slightly delayed peak at ~. 1 secs., an unusually prolonged degradation, and a lower plateau of count rate.
C o m m e n t . T h e r e was a local gross abnorm a l i t y of arterial c i r c u l a t i o n in t h e middle cerebral arterial d i s t r i b u t i o n in this patient.
T h e venous peaks of the m i d l i n e circulation occurred before the a r t e r i a l peaks of the S y l v i a n region. I n a d d i t i o n , t h e outflow of the arterial curves was u n u s u a l l y prolonged. T h e curves from the two veins showed small b u t definite differences. T h e c u r v e from the central vein, which d r a i n e d the region of cortex supplied b y the a b n o r m a l arteries, was slightly delayed in onset as well as lower a n d more prolonged in c o n t o u r . These changes in c i r c u l a t i o n associated with ischemia were d e t e c t a b l e n e i t h e r in the anglograms pelffolzned before o p e r a t i o n nor on visual inspection of t h e cortex a t operation. T h e value of the radioisotopic studies in prov i d i n g more exact q u a n t i t a t i v e i n f o r m a t i o n i s evident.
Case 3. H.L., aged S0 years, was admitted to hospital for treatment of an acute hemorrhage from an arterio-venous malformation in the left parietal region. The malformation was supplied mainly from two large branches, one from each anterior cerebral artery, with a further supply from ascending parietal branches of the middle cerebral artery (Fig. 13) . Four weeks after admission when the patient had recovered from coma, craniotomy and excision of the malformation were carried out (March, 1963 and after clipping and division of the feeding anterior cerebral vessels, s One probe was placed over a large red vein, about 1 cm. in diameter, draining the angioma into the sagittal sinus and a second probe on the frontal cortex, which appeared normal. Injections of ~O0 #c Hippuran Iodine ~25 showed a remarkable disparity between the curve from the frontal cortex and that from the draining vein (Fig. 14) . The isotopic curve from the vein showed a peak at 0.3 sees. after the peak of the frontal cortex, a rapid rise to a maximum of 4 times that of the frontal cortex, and a more rapid decline to a base-line ~ sees. before the cortical slope.
After clipping and division of the large feeding arteries, the rate of rise in the draining vein was slower, the peak count reduced by 15 per cent, and the rate of outflow prolonged. There was no significant change in the curve from the frontal cortex.
Comment. This study clearly demonstrated the greatly increased blood flow and a more rapid transit time through the angioma when compared to the same measurements in normal frontal cortex. Moreover, although a significant reduction of 15 per cent in the height of the peak count was produced by interrupting the large anterior feeding ai-teries, the curves indicated that the angioma was not completely devascularized. This point was confirmed during the resection of the angioma when vigorous bleeding occurred from the branches of the middle and posterior cerebral arteries. Despite this, these vessels did not appear very prominent on the serial angiographic studies. These findings indicate the usefulness of this technique in assessing the degree of circulatory arrest, either t e m p o r a r y or permanent, in any particular region of the brain.
D i s c u s s i o n
These results show t h a t intracarotid injection of radioisotopes combined with multiple miniature scintillation detectors can provide consistent quantitative data on transit times and relative volumes of blood flow through the h u m a n cerebral cortex. T h e circulation through the complex network of pial vessels on the surface of the exposed brain can be separated into flow patterns which appear distinctive for arteries, veins and capillary bed (Fig. 6) .
T h e arterial pattern displays a sharp initial peak followed by an extended uniform decline. For small surface branches of the middle cerebral artery, peak count rates of the initial rise appeared between 1 and 1.8 secs. after the onset of injection into the carotid artery.
The peak count rate for normal cortex, which occurs between 1.5 and ~ secs., appears slightly later than the arterial peak. The fall-off is similar to the arterial decline.
The curves from the cortical veins reached an initial peak at the same time as the curves from the cortex, often followed by a slight transient decline. A ~nd later rise with a broad rounded crest between 5 and 7 secs. was characteristic and coincided with the onset of rise in the count rate of the jugular vein as recorded at the angle of the mandible. The m a x i m u m rate of decline in the falloff of the cortical venous count occurred during the time when the jugular count was at its peak.
The shape and timing of these curves obtained from the exposed cortex are similar to those monitored b y detectors outside the head. A typical curve recorded by a scintillation detector placed externally over the temporal region can be compared (Fig. 8) to the curve obtained from a normal Sylvian alCcery on the cerebral cortex. These curves were recorded from the same patient with the same technique of injection through a catheter placed in the internal carotid artery. Such correlative studies seem essential for the interpretation of these more readily obtained externally monitored circulation curves which usually represent a complex derived from the blood flowing through the scalp, skull, meninges and brain.
In these studies M e r c u r y 197 and Iodine 125 have proven the most satisfactory radioactive indicators, with the latter allowing for slightly better localization because of a lower level of energy of g a m m a radiation. The radiation to the patient is kept at an almost negligible level b y two factors: (1) half-life when each isotope is tagged to a rapidly excreted compound: 3 hours for Mercury'97-Neohydrin and less than ı89 hour for Iodine125-Hippuran. Colored dyes injected intravenously have been previously used ',19 in attempts to stain brain tumors at operation. But no previous report has been made of the method introduced here of intracarotid injection of dye and radioisotope for a visual and quantitative study of the flow patterns in the surface vessels and cortex in the exposed brain.
In angiomas, this tactic has been of practical value for visual identification of arteries and veins among the tangled skein of abnormal vessels. Feeding arteries can then be more readily selected for systematic division during block resection of the angioma. Cluefilms of the flush of dye through the exposed brain gives a striking visual picture of the flow patterns recorded from local sites by the gamma detecting probes. Further details of these dye studies will be reported separately.
Injection of dye into the carotid arteries with observation of retinal and supra-orbital vessels has provided useful indication of the correct placement of the catheters in the internal carotid artery. Since our initial use of this maneuvre it has also proved of value in other studies involving catheter placement in the internal carotid artery for selective injections of Metrazol and Amytal in epileptic patients. TM One should be aware of the anatomical variation in which the ophthalmic artery is not a branch of the internal carotid artery. Selective placement of the catheter can be controlled with absolute certainty only by carrying out angiography.
The choice of Coomassie Blue as a dye for use in this combined dye-isotope method was suggested by our colleagues in cardiology, is This dye has shown no reactions in a series of over ~0 patients, some of whom received up to a total of 10 ml. (~00 rag.) in divided doses by injection into the carotid arteries. Transient staining of the skin for a day or so has occasionally occurred after injection into the external carotid vessels. The amount used for the cerebral circulation studies as described here, consisting usually of not more than four injeetions of 0.5 ml. eaeh, has been followed by no other reaction. Injection of the dye into the internal carotid artery on several occasions during electroencephalographic recordings gave no alteration in pattern. The low toxicity and uniform plasma mixing of this dye have been fully documented in cardiological literature3 ~ Summary 1. A method has been devised to study the characteristics of blood flow in the superficial circulation of the brain exposed at operation. Injections of a suitable radioactive tracer into the internal carotid artery are monitored at selected sites on the cortex by means of miniature gamma detectors. The intracarotid injection of a small amount of a high contrast dye combined with cinematography has provided an additional dimension for study of the flow patterns. The use of the dye has provided convenient means of confirming the correct placement of the injection catheter in the internal carotid artery by checking its appearance in the retinal and supra-orbital circulation.
~. The limited field of detection of the small scintillation probes and the choice of low energy gamma-emitting isotopes enable information on flow patterns to be derived from local regions of brain.
3. Distinctive curves for blood flow patterns in arteries, veins and cerebral cortex have been obtained.
4. Exact quantitative recordings of tinting and blood flow through these individual vascular components can be consistently reproduced.
5. Records obtained with this method show abnormalities in regional flow in cerebral vascular occlusive disease, in a cerebral glioma, and particularly in an arterio-venous angioma.
6. With the use of Mercury 19~ and Iodine 125 tagged to rapidly excreted compounds, the radiation dosage is kept at a safe level. Both isotopes have short biological half-lives and are not associated with any beta emission.
7. Judicious use of this method has provided a quantitative analysis of cerebral vascular disturbances. It may be expected to have further application in the more effec-tive diagnosis and surgical handling of lesions involving the circulation of the brain.
8. This technique of intraearotid injection of a radioisotope with simultaneous multiple monitoring from the exposed surface of the brain may be termed cerebral radio-angiography. The method can be combined with techniques now available for measuring clearance rate of diffusible radioisotopes and also with those giving information on the values of blood gases and other metabolic constituents from local areas of brain. Gibbs, and the erythrocyte-labeled method of the late their associates. The kinetics of the cerebral circulation Professor Nylin and his co-workers. These have given can now be studied by a variety of methods, either relative or absolute values for cerebral blood As you are well aware, much physiological informaflow, but the methods have hardly been used other than tion has been accumulated by the inert gas methods of in research work.
External monitoring of the patient injected with radioisotopes permitted the development of methods using intra-arterial or intravenous radioactive indicators and radioactive gaseous indicators by inhalation. Although simpler, the newer method gives more limited information, such as transit time through the head or relative blood flow.
It is also true, I believe, that only pathological alterations at the extreme ends of the spectrum of possible changes are disclosed simply because of the homeostatic mechanisms for cerebral circulation.
Interest is now turning toward studies of regional circulation in which more conspicuous changes can be expected. Regional cerebral blood flow measurements in man have been made both through the intact skull and surgically exposed cortex by Ingvar and Lassen and now by Dr. Feindel and his co-workers.
In their method the accuracy of recording the particular arrival time is very good by direct placement of the probe on the vessel because of the inverse square principle. It has not been possible to measure blood flow unless one were able to determine the volume of blood between two points of measurement. The verification of small time differences may be a problem when attempting to determine a peak of activity, especially on the venous side of the curve.
The steepest slopes of the curves chosen in our group were as representative of the arrival and departure of the densest part of the bolus. The velocity of blood flow is noticeably altered through tumor-bearing regions, infarcted zones and arterio-venous malformations, as radiological serial angiography often discloses. However, accurate measurements of tile end points on the x-ray fihns is au uncertain matter.
In 1956, Greitz found a significant correlation between the results of circulation time by rapid serial angiography and by means of isotopes.
One of the most intriguing aspects of this group's work is the opportunity presented to compare tile preoperative angiographic studies with the direct isotopic measurements of the region of involvement. Similarly, for those of us engaged in external monitoring techniques, these direct studies of the cortex are of fundamental importance. These studies may shed light on many of our questions and seem to present very pertinent information of pathophysiology. It is a rare privilege to be one of the first to review this new approach.
DR. LYLE FRENCIt: This is a most interesting presentation. I think Dr. Garretson, Dr. Feindel, and their colleagues, all of whom worked on the project, must be congratulated.
As you know, for several years now attempts have been made to quantify cerebral blood flow by external counting methods, such as Dr. Crandall mentioned. Radioactive substances have been given intra-arterially or intravenously and external monitoring performed.
These techniques have been only more or less accurate. They measure the isotope in a large volume of brain, and as such have heen rough estimates, rather gross measurements not indicative of the flow in a specific site or specific area of the brain. For this reason these studies have always been of somewhat limited clinical value.
The techniques presented today obviously permit assessment of blood flow in a very circumscribed area, and when these are correlated with results obtained hy external counting, perhaps the latter will be of more clinical value. It is apparent from Dr. Garretson's presentation and from what Dr. Crandall has said, that not all the technical inconsistencies have been worked out. It is very difficult to balance one probe against another. This is a problem we had in Minnesota when we used some of the multiple counting chambers for external isotope counting. Undoubtedly with time these technical problems will be resolved.
I would like to ask Dr. Garretson why he used a purely gamma emitter, Mercury 197 an(] not a beta emitter. This might have made it possible to concentrate on a smaller vessel and would have removed the potential error of the shunting that occurs off and on during normal cerebral flow, such as has been shown by Dr. Gurdjian. It may well be because of the difference in the isotopes' half life and so on. But I would like to hear what he has to say about that.
DR. HENRY GARRETSON: I would like to thank Dr. Crandall and Dr. French for their comments.
Probe balancing is much more of a problem when Geiger counters rather than scintillation detectors are used. Our miniature scintillation probes are balanced before gas autoclaving and again in tile operating room immediately before surgery by simultaneous exposure of all probes to a standard source. This requires only 3 to 4 minutes and has been no problem.
There are several difficulties in using beta emitters in this type of circulation study. Balancing the multiple Geiger tube detectors necessary for low energy beta emitters is much more difficult and time consuming, particularly in operating room settings.
Another problem is that of obtaining adequate count rates from a small area of cortex using a biologically acceptable radiation dosage. Because the circulatory events are taking place very rapidly, it is essential to use rate meter time constants of an order of magnitude of a tenth of a second; this in turn makes it necessary to use scintillation detectors with a high counting efficiency. This reduces the statistical fluctuation of the curves to an acceptable level for accurate interpretation. A Geiger tube large enough to give adequate count rates from low energy beta emitters would be too large for local monitoring of the small areas that we have been working on in this project.
